1 Rapid population and economic growth in South-East-Asia has been accompanied by extensive land 2 use change with consequent impacts on catchment hydrology. Modelling methodologies capable of 3 handling changing land use conditions are therefore becoming ever more important, and are 4 receiving increasing attention from hydrologists. A recently developed Data Assimilation based 4 combining land use change forecast models with hydrologic models [e.g. Wijesekara et al., 2012].
actual changes. A potentially more suitable approach in such a setting is to allow model parameters 48 to vary in time, rather than assuming a constant optimal value or stationary probability distribution.
49
Many existing methods utilising such a framework require some apriori knowledge of the land use 50 change in order to inform variations in model parameters (see for instance Efstratiadis, 2015; Brown 51 et al., 2006; and Westra et al., 2014) . Recent efforts have examined the potential for time varying 52 models to automatically adapt to changing conditions using information contained in hydrologic 53 observations and sequential Data Assimilation, without requiring explicit knowledge of the changes 54 [see for example Taver et al., 2015 . Such approaches can objectively 
97
(generally peaking in July/August) and low flows in the December to May period (Vu, 1993) . Average 98 annual rainfall at Nammuc varies between 1300 and 2000 mm (on average 1600 mm). A summary of 99 catchment properties is provided in Table 1 . 
105
(http://www.fao.org/geonetwork/srv/en/metadata.show?id=12749&currTab=simple). A comparison 106 of the two maps shows a reduction in forest cover in favor of cropland; Evergreen Leaf decreases 107 from about 60% to 30% whilst cropland increases from about 23% to 52%. The change in land cover 108 is patchy, although mostly concentrated in the northern part of the catchment. Because of the scant 109 information available, it is not easy to identify the precise time period of these changes. Based on the 110 available land cover map information and the changes to observed runoff (see Section 2.1), we posit 111 that a period of rapid extensive deforestation occurred in early-1990s.
113
Daily point rainfall data is available at four precipitation stations surrounding the catchment (Dien
114
Bien, Tuan Giao, Quynh Nhai and Nammuc, see Figure 1 ). Catchment averaged rainfall was 115 developed as a weighted sum of the four stations with weights determined by Thiessen Polygons.
116
Daily mean temperature was calculated in a similar fashion using temperature records from the 2 117 closest gauges (Lai Chau and Quynh Nhai, see Figure 1 ). 
165
In the HBV model, input to the soil store is represented by a power-law function (see Figure 3 , note 166 the snow store is neglected for this study). Excess rainfall enters a shallow layer store which 167 generates: 1) near surface flow ( 0 ) whenever the shallow store state ( 1) is above a threshold 168 (ℎ 1) and 2) interflow ( 1 ) by a linear routing mechanism controlled by the 1 parameter.
169
Percolation from the shallow layer store to the deep layer store (controlled by parameter) then 170 leads to the generation of baseflow also via linear routing (controlled by the 2 parameter). Finally, a HyMOD was slightly better at mid-range flows (see Table 2 ). Suppose also that the system outputs are observed ( ) but that there is also some uncertainty 197 associated with these observations. A single cycle of the Locally Linear Dual EnKF procedure for a 198 given time t is undertaken as follows: 
181

Time Varying Parameter Estimation
Application to the Nammuc Catchment 238
Joint state and parameter estimation was undertaken for the Nammuc Catchment over the period et al., 2015] which found these to be the least sensitive and least important in defining variations to 245 catchment hydrology (see Table 3 ). Note that although the ℎ 1 parameter was found to have low 246 sensitivity, it was retained as a time varying parameter due to its conceptual importance in 4) . The decrease in the parameter means that a greater proportion of 308 rainfall is converted to runoff (i.e. more water entering the shallow layer storage). Additionally, the 309 increase in the parameter means that a greater volume of water is made available for baseflow 310 generation. These changes correspond with the observed increase in the annual runoff coefficient 311 (Figure 2) and increase in baseflow volume (as discussed in Section 2.1). Similar parameter 312 adjustments are seen for HyMOD, at least at a qualitative level (see Figure 5 ). The sharp increase in 4 and 5) . This is due to the inability of a single 318 parameter distribution to accurately model both wet and dry season flows, an issue that is commonly 319 encountered when modelling large heterogeneous catchments experiencing significant spatial Annual Baseflow Index has an increasing trend of magnitude far greater than observed (Figure 7c) .
345
All three quantities on the other hand are well represented by the TVP-HBV (Figure 7) . 
356
This means that and are updated to extreme values to compensate for the volumetric shortfall.
357
HBV on the other hand has a continuous percolation of water into the deep layer store even during 358 periods of no rain (so long as the shallow water store is non-empty). In summary, the HyMOD model 359 structure prevents the parameters from being updated to values that realistically reflect the 360 observed changes to catchment dynamics.
362
Having established that the TVP-HBV provided a good representation of the observed streamflow 363 dynamics, we used a modelling approach to determine whether the observed changes were 364 climatically driven and which (if any) components of runoff were affected by land use change. A 365 resampled rainfall and temperature time series was generated by sampling the data without 366 replacement across years for each day (for instance rainfall and temperature for 1 st January 1990 is 367 found by randomly sampling from all records on 1 st January). This maintains the intra-annual (e.g.
368
Hydrol. 
369
simulations were then generated using this resampled meteorological sequence as inputs to the TVP-370 HBV (i.e. without state updating). Figure 8d&h show the results of a MASH undertaken on the 371 resulting simulations of total and direct runoff. Observed increases in baseflow during the January -
372
April period (see Figure 8a ) and increases in direct runoff in the June -September period (see 373 Figure8e) are reproduced. The magnitude of increase in direct runoff in July is slightly lower,
374
indicating the potential for some climatic influences also. This is consistent with findings from the 
